A reduced model of the intrinsic GTPase-cycle of Tem1
We modelled the intrinsic GTPase-cycle of Tem1 with only two states and two irreversible reactions interconverting between them. We obtain this minimal model through reduction of the more comprehensive reaction scheme below:
Depending on the context, Tem1, Tem1 GTP , and Tem1 GDP represent either the molecular species or the concentration thereof. Hydrolysis of GTP by Tem1 takes place with a rate k cat = 0.002 s −1 (at 30 • C) (Geymonat et al., 2002) , which comprises cleavage and subsequent release of the γ-phosphate of GTP. Binding of free phosphate to Ras GDP in complex with a GTPase-activating protein (GAP) has been reported to occur with a low rate of about 108 M −1 s −1 (Phillips et al., 2003) . The same complex releases the cleaved phosphate with a high rate of 7.8 s −1 , resulting in a very low affinity with a dissociation constant of 72 mM. We suppose that Tem1 GDP has a similar affinity for free phosphate, thus we regard the GTP-hydrolysis step as practically irreversible.
Dissociation of GTP from Tem1 takes place with a rate coefficient of about k T off = 0.0012 s −1 (at 30 • C) (Geymonat et al., 2002) , the same coefficient as measured for its S. pombe homologue Spg1 (Furge et al., 1998) . The rate coefficient for GDP release from Tem1 was found to be about 0.0033 s −1 at 14 • C (Geymonat et al., 2002) , 3.5 times slower than the GDP release rate coefficient for Spg1 measured at 30 • C (Furge et al., 1998) . GDP release from Tem1 was too fast to be measured at 30 • C, therefore we assume that at 30 • C the release of GDP from Tem1 is faster than release of GDP from Spg1 and set k D off = 0.017 s −1 , five times the rate coefficient measured at 14 • C. The intracellular concentrations of GTP and GDP in budding yeast in cultures during mid-exponential growth are about 200 µM and 50 µM, respectively (Rudoni et al., 2001) . The concentrations of GTP and GDP vastly exceed the intracellular concentration of Tem1. Because we find Tem1 to be about 2.5 times as concentrated as Bfa1, which is present in about 1380 molecules per cell in average (Ghaemmaghami et al., 2003) . With an cellular volume of about 100 fL, we estimate the Tem1 concentration to be around 0.06 µM. The total levels of GTP and GDP are presumably not substantially altered by the above reactions and we treat GTP and GDP as constant external metabolites. The ratio of GTP and GDP is sensitive to nutritional conditions (Rudoni et al., 2001 ), yet we will show that the above scheme is insensitive to a wide range of GTP to GDP ratios.
The affinity of Ras for GDP is K D ≈ 10 −8 M, and its affinity for GTP is slightly higher (Tucker et al., 1986) . We assume that the affinity of Tem1 for GDP is similar and that the increased affinity for GTP is due to the lower dissociation rate. We can then estimate the common association rate constant α = k D off /K D = 1.7 × 10 6 M −1 s −1 . This leads to a dissociation constant for GTP binding of 7 × 10 −9 M, which is 1.4-fold of the affinity for GDP, well in agreement with what was reported for Ras (Tucker et al., 1986) .
We obtain pseudo first order rate constants for GTP and GDP binding by multiplying this association rate by the respective nucleotide concentrations, i.e., we get k T on = 340 s −1 and k D on = 85 s −1 . Note that these association rates constants are several orders of magnitude higher than the respective dissociation rate constants.
We can now simplify the reaction scheme (1.1) to
which features only first order processes. The respective reaction rate constants are summarized in supplementary table 1. We can translate equation (1.2) into a system of ordinary differential equations:
(1.3)
Using the conservation law Tem1 + Tem1 GTP + Tem1 GDP = Tem1 T = const we can eliminate the third equation and determine the steady state concentrations
Obviously is the steady state concentration of Tem1 significantly smaller than the steady state concentrations of Tem1 GTP and Tem1 GDP if the association rate constants k T on and k D on are large compared to the dissociation rate constants k T off , k D off , and the hydrolysis rate constant k cat . With our choice of rate constants we obtain steady state concentrations Tem1 GTP ss ≈ 5.15 × 10 −8 M, Tem1 GDP ss ≈ 0.85 × 10 −8 M, and Tem1 ss < 5 × 10 −13 M ≈ 0 M. Thus, in steady state, Tem1 GTP accounts for 86% of the total Tem1 population (0.06 µM).
Sensitivity of the steady state to the kinetic parameters
We analyse the local sensitivities of the steady state concentrations from equation (1.4), Tem1 GDP ss and Tem1 GTP ss , with respect to the kinetic parameters. Normalized local sensitivities are defined as
where X is a model output of interest and p is a parameter of the model. For the steady state concentrations, the sensitivities with respect to Tem1 GDP read
and similarly we get for Tem1 GTP
The numerical sensitivities are given in supplementary table 1.2. It is evident that the steady state is most sensitive to the hydrolysis rate k cat and the GDP-release rate k D off , while the the steady state appears to be only weakly dependent on the GTP-release rate.
The absolute values of the sensitivities of Tem1 GDP ss are larger then those of Tem1 GTP ss . This is the case because of the conservation law Tem1 GDP = Tem1 T − Tem1 − Tem1 GTP together with the vanishingly small concentration of Tem1 ss , every change in Tem1 GTP ss causes a change with the same absolute magnitude in Tem1 GDP ss ; however, the relative change in Tem1 GDP ss is larger due to the approximately 6 : 1 steady state ratio of Tem1 GTP ss and Tem1 GDP ss . Because no data on the affinities of Tem1 for GTP and GDP are available, k T on and k D on are our parameters with the largest uncertainity. Because they also have moderate influence on the steady state (supplementary table 1.2), we decided to analyse the relative Tem1 GTP amount in steady state as when k T on and k D on are changed within one order of magnitude up or down.
Supplementary Figure 7 shows that with our choice for k T on and k D on a steady state lies in a region where the relative steady state level of Tem1 GTP ss is high and no significant increase is possible without changing the parameters significantly. We can also observe that the steady state is insensitive to a proportional change of both rate constants. This holds true also for the sensitivities of the steady state with respect to all parameters (Supplementary Figure 8 ). Moderate changes of the association rate constants do not alter the sensitivity profile significantly. Considering that the association rates k T on and k D on are products of the "true" second order association rate and the nucleotide concentrations, our estimated affinities result in a rather robust system with respect to moderate changes in the nucleotide concentrations or the affinities. 
(1.7)
Substitution of (1.7) into equation (1.3) yields
which can be interpreted as the probabilities of the nucleotide free GTPase to bind either GTP or GDP. The identity p GTP = 1 − p GDP leads to
Hence, the system is fully described with only one ODE. Collecting the terms in Tem1 GTP yields
We can interpret k hyd = p GDP k T off + k cat and k nex = p GTP k D off as effective hydrolysis and GDP-GTPexchange rate coefficients, respectively. We can reduce the chemical reaction equation (1.2) to
Interaction of Tem1 with GTPase-activating-protein (GAP) complex Bfa1-Bub2 will likely prevent nucleotide dissociation (Geymonat et al., 2002) but in turn accelerate the catalytic step. We can integrate this by the definition of a second effective hydrolysis rate coefficient for Tem1 when in complex with its GAP:
where λ is the fold-acceleration of GTP-hydrolysis in the GAP-Tem1 GTP complex. With equation (1.8), the steady state concentration of Tem1 GTP is given by
The relative error of the steady state concentration achieved in the reduced model compared to the reaction scheme (1.2) is
where Tem1 GTP ss is the steady state concentration of Tem1 GTP according to equation (1.4). With the parameters given in supplementary table 1, the relative error is less than 10 −5 and it remains below 10 −3 even if both, k D on and k T on , are varied in a range from 10 −2 to 10 2 around their nominal values. Furthermore, the dynamics of the minimal model are indistinguishable from the original model as long as k T on and k D on are large compared to the respective dissociation rates and the quasi steady state assumption is valid.
Reaction equations
In our model, we consider merely four different proteins, namely Bfa1, Tem1, and their respective binding sites at the SPB, S and T. Though, Bfa1 and Tem1 can occur in several states, and all relevant complexes of the four proteins have to be considered. We denote complexes by listing the subunits separated by a colon, B : Bfa1, for instance, denotes the complex consisting of unphosphorylated Bfa1 and its binding site at the SPB. The possible subunits are defined below:
Bfa1 'unphosphorylated' Bfa1, that is, Bfa1 which is neither phosphorylated by Kin4 nor hyperphosphorylated by Cdc5.
Tem1 GTP Tem1 in GTP-bound state.
Tem1 GDP Tem1 in GDP-bound state.
B The unknown binding site for Bfa1 at the SPB.
T The unknown GAP-independent binding site for Tem1 at the SPB.
All reaction rate coefficients (indicated above and, where apropriate, below the raction arrows) are defined in Table 4 in section 3.5.
Association of Bfa1 and Bfa1
: Tem1 complexes with their SPB-binding site B
2.4 Association of Tem1 with its SPB-binding site T 
3 Ordinary differential equations of the model
We translated the reaction equations (2.1)-(2.48) into the set of coupled nonlinear ordinary differential equations given below. Conventionally we enclose the species name as it appears in the reaction equations in brackets to refer to their respective molar concentrations. Association of cytosolic Bfa1 and Tem1 with their respective binding sites at the SPB involves a transition from a large (cytosol, V C ) to a small (SPB, V S ) reference volume . The fluxes of reactions (2.1)-(2.15), (2.22), and (2.23) must therefore be scaled with V S /V C when they contribute to the differential equations of the respective cytosolic species. The fluxes v 1 to v 48 correspond to reactions (2.1)-(2.48) and are given in section 3.2, initial conditions and parameters are listed in tables 3 (section 3.4) and 4 (section 3.5), respectively.
3.1 Ordinary differential equation system
Reaction fluxes
v 1 = k B on [B] [Bfa1] − k B off [B : Bfa1] v 2 = k B4 on [B] [Bfa1 P4 ] − k B4 off [B : Bfa1 P4 ] v 3 = k B on [B] [Bfa1] − k B off [B : Bfa1 P5 ] v 4 = k B on [B] [Bfa1 : Tem1 GTP ] − k B off [B : Bfa1 : Tem1 GTP ] v 5 = k B4 on [B] [Bfa1 P4 : Tem1 GTP ] − k B4 off [B : Bfa1 P4 : Tem1 GTP ] v 6 = k B on [B] [Bfa1 P5 : Tem1 GTP ] − k B off [B : Bfa1 P5 : Tem1 GTP ] v 7 = k B on [B] [Bfa1 : Tem1 GDP ] − k B off [B : Bfa1 : Tem1 GDP ] v 8 = k B4 on [B] [Bfa1 P4 : Tem1 GDP ] − k B4 off [B : Bfa1 P4 : Tem1 GDP ] v 9 = k B on [B] [Bfa1 P5 : Tem1 GDP ] − k B off [B : Bfa1 P5 : Tem1 GDP ] v 10 = k BT on [B : Bfa1] [Tem1 GTP ] − k BT off [B : Bfa1 : Tem1 GTP ] v 11 = k B4T on [B : Bfa1 P4 ] [Tem1 GTP ] − k BT off [B : Bfa1 P4 : Tem1 GTP ] v 12 = k B5T on [B : Bfa1 P5 ] [Tem1 GTP ] − k BT off [B : Bfa1 P5 : Tem1 GTP ] v 13 = k BT on [B : Bfa1] [Tem1 GDP ] − k BT off [B : Bfa1 : Tem1 GDP ] v 14 = k B4T on [B : Bfa1 P4 ] [Tem1 GDP ] − k BT off [B : Bfa1 P4 : Tem1 GDP ] v 15 = k B5T on [B : Bfa1 P5 ] [Tem1 GDP ] − k BT off [B : Bfa1 P5 : Tem1 GDP ] v 16 = αk BT on [Bfa1] [Tem1 GTP ] − k BT off [Bfa1 : Tem1 GTP ] v 17 = αk B4T on [Bfa1 P4 ] [Tem1 GTP ] − k BT off [Bfa1 P4 : Tem1 GTP ] v 18 = αk B5T on [Bfa1 P5 ] [Tem1 GTP ] − k BT off [Bfa1 P5 : Tem1 GTP ] v 19 = αk BT on [Bfa1] [Tem1 GDP ] − k BT off [Bfa1 : Tem1 GDP ] v 20 = αk B4T on [Bfa1 P4 ] [Tem1 GDP ] − k BT off [Bfa1 P4 : Tem1 GDP ] v 21 = αk B5T on [Bfa1 P5 ] [Tem1 GDP ] − k BT off [Bfa1 P5 : Tem1 GDP ] v 22 = k T on [T] [Tem1 GTP ] − k T off [T : Tem1 GTP ] v 23 = k T on [T] [Tem1 GDP ] − k T off [T : Tem1 GDP ] v 24 = uk Kin4 + [B : Bfa1] v 25 = uk Kin4 + [B : Bfa1 : Tem1 GTP ] v 26 = uk Kin4 + [B : Bfa1 : Tem1 GDP ] v 27 = k Cdc5 + [B : Bfa1] v 28 = k Cdc5 + [B : Bfa1 : Tem1 GTP ] v 29 = k Cdc5 + [B : Bfa1 : Tem1 GDP ] v 30 = uk Kin4 +,cyto [Bfa1] v 31 = uk Kin4 +,cyto [Bfa1 : Tem1 GTP ] v 32 = uk Kin4 +,cyto [Bfa1 : Tem1 GDP ] v 33 = k Kin4 - [Bfa1 P4 ] v 34 = k Kin4 - [Bfa1 P4 : Tem1 GTP ] v 35 = k Kin4 - [Bfa1 P4 : Tem1 GDP ] v 36 = uk Cdc5 - [Bfa1 P5 ] v 37 = uk Cdc5 - [Bfa1 P5 : Tem1 GTP ] v 38 = uk Cdc5 - [Bfa1 P5 : Tem1 GDP ] v 39 = k hyd [Tem1 GTP ] v 40 = k nex [Tem1 GDP ] v 41 = k hyd [T : Tem1 GTP ] v 42 = k nex [T : Tem1 GDP ] v 43 = k BT hyd [Bfa1 : Tem1 GTP ] v 44 = k B4T hyd [Bfa1 P4 : Tem1 GTP ] v 45 = k hyd [Bfa1 P5 : Tem1 GTP ] v 46 = k BT hyd [B : Bfa1 : Tem1 GTP ] v 47 = k B4T hyd [B : Bfa1 P4 : Tem1 GTP ] v 48 = k hyd [B : Bfa1 P5 : Tem1 GTP ]
Observables
We were particularly interested in the time evolution of active and inactive Bfa1 and Tem1, respectively. However, these observables we demand are not directly represented as model variables because the attributed activity of Bfa1 or Tem1 must be tracked even within their respective complexes. We therefore have to sum up the respective variables appropriately. We consider GTP-bound Tem1 to be active, regardless of whether it is bound to Bfa1 or not, thus This study all others 0 Bfa1 is tightly bound to SPBs of correctly aligned anaphase spindles (Caydasi and Pereira, 2009 ). However, in order to allow Cdc5 to deactivate also the cytosolic Bfa1 pool, we assume a more rapid half-life of 600s. Table 5 . 
Initial conditions

Parameters
Supplementary
